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Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Nucleation and early expansion

» Nucleation at critical radius R. ~ Tl

Potential

Reheat
N/

=0.35

Bounce solution

v
A
1.5
T
— 5=03
1.0
T
K_UA
T
— ==05
0.5 A
T _os
_— XZO’)S
10 20 30 40
=} F



Production of heavy states via relativistic bubble expansion
Dynamics of the expansion of a bubble

Nucleation and early expansion

Potential

» Nucleation at critical radius R. ~ Tl

» Approximate solution of eq. of motion
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Dynamics of the expansion of a bubble

Nucleation and early expansion
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Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Nucleation and early expansion

Potential

» Nucleation at critical radius R, ~ Tl x
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Production of heavy states via relativistic bubble expansion
Dynamics of the expansion of a bubble

Velocity

> Terminal velocity regime: AV = AP(yyiiX)
MAX
Ywp

» Generic method: solve the full coupled

» Runaway regime: AV > AP(
system of Boltzmann equations
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Dynamics of the expansion of a bubble

Velocity

» Terminal velocity regime: AV = AP(yMAX) =

wp
> Runaway regime: AV > AP(yhAX)

GW signal from sound waves
= Ywp < R GW signal from bubble collision
» Generic method: solve the full coupled

system of Boltzmann equations

» Regime v > 1 C — 0: Collisionless
system of quasi-particles

broken symmetric
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Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Velocity

» Terminal velocity regime: AV = AP(WMAX) = GW signal from sound waves
> Runaway regime: AV > AP(yhAX) = Yup X R GW signal from bubble collision

» Generic method: solve the full coupled
system of Boltzmann equations

» Regime v > 1 C — 0: Collisionless
system of quasi-particles

» Pressure on the wall [2010.02590]
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Dynamics of the expansion of a bubble

Pressure from 1 to 1

» Pressure on the wall
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Dynamics of the expansion of a bubble

Pressure from 1 to 1

» Pressure on the wall
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» LO relativistic pressure [0903.4099]
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Production of heavy states via relativistic bubble expansion
Dynamics of the expansion of a bubble

Pressure by splitting

» NLO relativistic pressure; gauge bosons V[1703.08215]

Ep~pzyp~vupT > T WKB applicable

dp; 2
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Dynamics of the expansion of a bubble

Pressure by splitting

» NLO relativistic pressure; gauge bosons V[1703.08215]
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Dynamics of the expansion of a bubble

Pressure by splitting

» NLO relativistic pressure; gauge bosons V[1703.08215]
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Production of heavy states via relativistic bubble expansion
Dynamics of the expansion of a bubble
:

Pressure by splitting

» NLO relativistic pressure; gauge bosons V[1703.08215]

Ep~pzyp~vupT > T WKB applicable
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Production of heavy states via mixing and pressure
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Pressure by mixing with heavy states[2010.02590]
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Production of heavy states via mixing and pressure

Pressure by mixing with heavy states[2010.02590]

> Q; what about My > T,,. 7 Transition is dictated by fields m < T,c
» Toy model; Lin: = YOXN + MyNN, My > Tpuc
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Production of heavy states via mixing and pressure

Pressure by mixing with heavy states[2010.02590]

> Q; what about My > T,,. 7 Transition is dictated by fields m < T,c
» Toy model; Line = YOXN + MyNN, My > Toue
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Production of heavy states via mixing and pressure

Pressure by mixing with heavy states[2010.02590]

> Q; what about My > T, ? Transition is dictated by fields m < T,,c
» Toy model; Lin: = YOXN + MyNN, My > Tpuc
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Production of heavy states via mixing and pressure

Pressure by mixing with heavy states[2010.02590]

> Q; what about My > T,,. 7 Transition is dictated by fields m < T,c
» Toy model; Lin: = YOXN + MyNN, My > Tpuc
"= » Probability of transition
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» Non-adiabatic regime; ApL,, <1 = multiply by ©(yw, T — M3 L,)
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Production of heavy states via mixing and pressure

Pressure by mixing with heavy states[2010.02590]

> Q; what about My > T,,. 7 Transition is dictated by fields m < T,c
» Toy model; Lin: = YOXN + MyNN, My > Tpuc
"= » Probability of transition
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(9) =v

> pX:(E7O7O’E) pN:(E?0707VE2_M12V) = APNZ’YMwéT
» Non-adiabatic regime; ApL,, <1 = multiply by ©(yw, T — M3 L,)

» Pressure on the wall
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Production of stable particle via the bubble

Production mechanism[2101.05721]

> Portal Dark Matter: £ D —3h?¢? — M3¢* — V/(h)
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Production mechanism[2101.05721]
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> Portal Dark Matter: £ D —3h?¢? — M3¢* — V/(h)
» Non-vanishing VEV:

trilinear coupling | £ D —Avh¢?
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Production of stable particle via the bubble

Production mechanism[2101.05721]

> Portal Dark Matter: £ D —3h?¢? — M3¢* — V/(h)
» Non-vanishing VEV:

h— h+v trilinear coupling | £ D —Avh¢?

» In the wall frame: Ep ~ p,p ~YwpT > T

A2v2 5
Phoge ~ W@(’YWPT - M¢>Lw)

u]
8
I
i
it




Production of heavy states via relativistic bubble expansion

Production of stable particle via the bubble

Production mechanism[2101.05721]

> Portal Dark Matter: £ D —3h?¢? — M3¢* — V/(h)
» Non-vanishing VEV:

h— h+v trilinear coupling | £ D —Avh¢?

» In the wall frame: Ep ~ p,p ~YwpT > T

A2v2 5
Phoge ~ W@(’YWPT - M¢>Lw)

» Behind the wall, accumulation of relics ¢
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127 M¢

1 Av v
L QRN & 5 4x10°x <—> <_> <_) (
¢.BE g*S( Treh) M¢ GeV




Production of heavy states via relativistic bubble expansion
Conclusion

|dea: production of heavy states

» No wall: transition x — N forbidden by four-momentum conservation

Px = (E70707 E)

PN = (E,0,0, \% E? — M2)
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Conclusion

|dea: production of heavy states

» No wall: transition x — N forbidden by four-momentum conservation
px = (E»ana E)

PN = (E,0,0, \% E? — M2)
» with wall: z-momentum conservation broken Ap, # 0

4

transition y — N allowed if enough energy in wall frame = Pressure on the wall




Production of heavy states via relativistic bubble expansion

Conclusion

|dea: production of heavy states

» No wall: transition x — N forbidden by four-momentum conservation
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» with wall: z-momentum conservation broken Ap, # 0
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transition y — N allowed if enough energy in wall frame = Pressure on the wall
» Generalisation to 1 — 2: interesting for generation of DM



Production of heavy states via relativistic bubble expansion
Conclusion

|dea: production of heavy states

» No wall: transition x — N forbidden by four-momentum conservation

pX:(E7O)OvE) pN:(EvoaO’VEz_Mz)

» with wall: z-momentum conservation broken Ap, # 0

4

transition y — N allowed if enough energy in wall frame = Pressure on the wall
» Generalisation to 1 — 2: interesting for generation of DM

» Caveat: wall suppression for Ap,L, > 1
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Conclusion

Can y,, be large enough to produce ¢ of M,?

Transition strong enough : | AV > AP, o
Transition sector without Gauge Bosons
AP =AP.o

Runaway regime: acceleration until collision
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Conclusion

Can y,, be large enough to produce ¢ of M,?

Transition strong enough : | AV > AP, o

Transition sector without Gauge Bosons

AP = AP0 Transition sector with Gauge Bosons
) AP = AP0+ APnio
Runaway regime: acceleration until collision [}
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Conclusion

Putting ourselves in our universe: {2
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Large over-production of DM
Remedy to the over-production?
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Conclusion

: : : tod
Putting ourselves in our universe: Q52 h* ~ 0.12 and freeze-out
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Conclusion

. . . tod
Putting ourselves in our universe: Q7 5Yh? ~

oBEN A 0.12 and freeze-out
%_1 v = 200(GeV)
> If ¢ was in thermal equilibrium: !
0 10.000
0.03 My \° £
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|
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Large over-production of DM

Remedy to the over-production?
» Annihilation of DM after production:

I—ann ~ a¢¢Vre1n¢ > H = Annihilation




Production of heavy states via relativistic bubble expansion
Conclusion

: : : tod
Putting ourselves in our universe: Q52 h* ~ 0.12 and freeze-out

h=1, v = 200(GeV)
Tren
» If ¢ was in thermal equilibrium:

0
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Large over-production of DM

Remedy to the over-production?
» Annihilation of DM after production:

I—ann ~ a¢¢Vre1n¢ > H = Annihilation
» Large supercooling: (T"”C) <1
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Conclusion

: : : tod
Putting ourselves in our universe: Q52 h* ~ 0.12 and freeze-out

» If ¢ was in thermal equilibrium:
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Large over-production of DM

T,
=1, v =200(GeV)
Tren

Remedy to the over-production?
» Annihilation of DM after production:

» Large supercooling: (T"“) <1

» ¢ was never in thermal equilibrium

I—ann ~ a¢¢Vre1n¢ > H = Annihilation
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Annihilation after production
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Large supercooling:

T = 2000(GeV), v = 2000(GeV)
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Conclusion

¢ was never in thermal equilibrium

» Reheating after inflation was too late:

ThR< Tro ~ =2

(No FO condition)
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Conclusion

¢ was never in thermal equilibrium

» Reheating after inflation was too late:

ThR< Tro ~ =2
» In our universe

(No FO condition)
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Conclusion

observable GW from DM production mechanism
Strong GW signal

Strong GW signal obtained for: long supercooling, large bubbles, fast walls
= This is exactly the regime for optimal DM production

107° mHz < foeak < 100 Hz
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Conclusion

observable GW from DM production mechanism
Strong GW signal

Strong GW signal obtained for: long supercooling, large bubbles, fast walls
= This is exactly the regime for optimal DM production
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